A fast quality-guided flood-fill phase unwrapping algorithm is proposed for real-time 3D Fringe Pattern Profilometry (FPP) system. The proposed approach consists of three steps. First, based on the phase maps acquired by phase shift profilometry (PSP) techniques, a quality map is generated according to the phase variance adjacent pixels on the wrapped phase map. According to the quality map, the phase map is divided into several parts which are categorised as either rapid phase changing areas or smooth phase changing areas. Then quality-guided flood-fill phase unwrapping algorithm is applied to rapid phase changing areas and non-guided path-following algorithm is used in the smooth phase changing area. The proposed approach is much faster than the conventional non-guided path-following algorithm, and it is more robust than the non-guided path-following algorithm. Experiments are carried out to verify the performance.
INTRODUCTION
Fringe Pattern Profilometry (FPP) has been an active area of research as an effective technology for non-contract 3D shape measurement. A typical FPP system consists of a digital projector, a CCD camera and a computer. The core idea of FPP system is that, the digital projector generates a group of image patterns and projects them onto the object surface to be measured [2] . Due to the variance of the surface shape, the image patterns are distorted which are acquired by the CCD camera. The distorted images carry the information of the 3D surface shape and are analysed by the computer, yielding the surface shape of the object [1] [2] [3] . A class of popular approaches for FPP are based on phase detection (PD), where images patterns are sinusoidal or periodic. With PD, the deformed projected fringe patterns can be modelled as the result of phase modulation of the original fringe patterns. Both fringe patterns can be described by phase maps, and the 3D shape can be retreaved based on analysis of the phase maps. Therefore, most existing PD based approaches consist of the following steps (1) acquire the fringe patterns (2) extract the phase maps, and (3) reconstruct the 3D shapes. A major problem associated with the second step is that the extracted phase maps are wrapped into the range from π − to π . In other words, in contrast to the true phaseφ , the extracted phase r φ becomes In order to obtain the 3D shapes, the true phase maps are required and thus must be recovered from the wrapped phase maps. Such a process is called phase unwrapping which is a critical step in the PD based FPP approaches.
Although phase unwrapping is rather simple in its principle, its implementation in practice is a challenging task. In the cases that the true phase is continuous, slow varying and not affected by noise, phase unwrapping can be carried out by adding or subtracting 2π to the result of unwrapped phase map when the wrapped one reaches π − or π . However, when the acquired wrapped maps are corrupted by unwanted noise or disturbance, or the true phase maps have discontinuities larger than π 2 , the task becomes very difficult as wrong decision may be made regarding the addition or subtraction of 2π . In 3D shape measurement with PD based FPP, the later situations are rather common as the FPP systems are inevitably influenced by various noise or disturbance, and for objects with a complex and discontinues surface shapes, the true phase map are discontinuous in nature. Consequently, phase unwrapping under these situations has been an active area of research during the past two decades.
Several phase unwrapping algorithms have been proposed to recover the true phase map. These algorithms can be classified as three categories: (1) global algorithms, (2) region growing algorithms, and (3) path-following algorithms [2] . The global algorithms utilize a global function to formulate the unwrapping algorithm [8] . Algorithms in this class are robust but computationally intensive, that is they can accurately unwrap complex phase maps but take too much time. The region growing algorithms divide phase map into several regions. Each region is unwrapped individually and then merged with its adjoin regions to form a whole unwrapped phase map [6] . In contrast to global algorithms, region growing algorithms are less computational intensive but also less robust.
The path-following algorithms carry out phase unwrapping along a continuous path on the phase map. Compared with global and region growing algorithms, path-following algorithms are less computational complex. There are three classes of path following algorithms: (1) fixed path-following methods [8] , (2) branch-cut methods [5] , and (3) qualityguided methods [1] . The simplest methods among these three classes are fixed path-following method. The fixed pathfollowing methods undertake phase unwrapping along a fixed path, and thus are very fast, but they are not able to recover the true phase if there is a jump or drop of phase more than π 2 between two adjacent pixels (phase jump) or phase noise. In contrast to fixed path-following methods, branch-cut methods are more robust. With the branch-cut methods, phase jumps in a phase map are detected and marked by curves, referred to the cuts. The unwrapping path is prohibited to go over the cuts and hence wrong phase unwrapping decisions can be limited. With quality-guided methods, the unwrapping path is determined based on the pixels quality [1] , and thus the methods are more robust than other pathfollowing algorithms.
Two path-following phase unwrapping algorithms are commonly used in FPP systems, which are the non-guided pathfollowing which belongs to fixed path-following methods and the quality-guided flood-fill which belongs to quality guided methods [1] [2] [3] . The non-guided path-following is simple and fast. However, this approach is not suitable for complex phase maps. In contrast to non-guided path-following, quality-guided flood-fill method is suitable for complex phase maps, but it suffers from the problem of long time to complete a phase unwrapping task [2] [3] [7] [8], thus making itself not suitable for real-time measurement. Consequently, it is necessary to find a new method with improved performance in terms of both robustness, i.e. unwrapping accuracy, and speed.
In this paper, we propose a new unwrapping approach called fast quality-guided flood-fill. The idea of the proposed approach is to combine non-guided path-following method and quality-guided flood-fill method together. In the proposed approach, the wrapped phase map is divided into two types of areas according to a quality map, including the rapid phase changing areas and smooth phase changing areas. Then quality-guided flood-fill method is applied to the rapid phase changing area and non-guided path-following method to the smooth phase changing area. Experiments show that both speed and robustness can be ensured with the proposed approach.
The following of this paper is organised as follows. In Section 2, existing approaches are introduced. In Section 3, proposed approach is shown. In Section 4, experiments results are demonstrated. Finally, the conclusions are drawn.
EXISTING APPROACHES

Quality maps
As mentioned above, the challenges associated with the phase unwrapping lie in the complexity of the unwrapped phase map. When the wrapped phase maps are smooth and slow varying, it is quite easy to recover the true phase by nonguided path-following approach. However, for the wrapped phase with sharp changes or discontinuities, the tasks are very difficult. Based on such a scenario people introduced a metric called quality map to evaluate unwrapped phase maps in terms of the difficulty associated with their unwrapping. Let us use ( , ) s x y to denote the light intensity of a fringe pattern, where x and y are pixel index numbers. The corresponding wrapped phase map will be ( , ) r x y φ , and accordingly the quality map will take ( , ) Q x y , with its element determined according to a quality parameter of each pixel on the wrapped phase map. The quality parameter at a certain pixel can be measured by phase variance between adjoin pixels [2] [3] [8] . The phase variance between adjoin pixels at pixel ) , ( y x can be calculated by [3] [8] : 
Obviously, 0 ( , ) 1 Q x y ≤ ≤ , and the smaller the phase variance ) , ( y x φ Δ , the larger the quality parameter ( , ) Q x y . By calculating the quality parameters for all the pixels on the phase map using Equation (1) and (2), we are able to obtain ( , ) Q x y for all the pixels. If we use an image of the same size as the phase map to represent ( , ) Q x y with the brightest (white) for 0 and the darkest for 1, the resulting image is called quality map.
Non-guided path-following algorithm
In the family of path-following approaches, the simplest one is non-guided path-following method proposed by Schafer and Oppenheim [9] . The path of unwrapping is simply vertical or horizontal from one border of the phase map to the other. Let us assume that the unwrapping direction is horizontal and the wrapped phase map size is
can be calculated as follows: As shown in Equation (3), the unwrapping process will start at pixel ) ( 0 0 y x and unwrap all the pixels in a same row.
Then, the process goes to pixel ) ( 1 0 y x and unwrap all the pixels of that row. The process will continue until all rows are unwrapped.
Quality-guided flood-fill algorithm
As described above, non-guided path-following approaches carry out phase unwrapping on row-by-row or column-bycolumn path basis on the phase map. In case there is a phase jump or noise in the wrapped phase map, the methods fail to recover the true phase and these errors will propagate to the following processed pixels. In order to solve the problem, quality-guided flood-fill algorithm is proposed [2] [3] [8] . The details of quality-guided flood-fill algorithm are shown below. In order to clearly describe the process, let us assume that we have a cursor with its position indicating the pixel on which phase unwrapping is currently carried out.
Step 1. Firstly, find out the pixel with the highest quality parameter on the quality map ) , ( y x Q . We assume that phase value of this point on the wrapped phase map is the same as the true phase (or we are able to unwrap this point to yield the true phase value). Put the cursor to this point and mark the point as "unwrapped", and then start the unwrapping process as follows.
Step 2. Check the quality parameters of the four pixels surrounding the cursor, that is, the pixels to the left and the right, the ones above and below. Find out the pixel with the highest quality parameter and move the cursor to the pixel and then unwrap the phase value.
Step 3. Let ) (n r φ indicates the wrapped phase of current cursor point, ) 1 ( − n r φ and ) 1 ( − n φ indicate the wrapped phase and unwrapped phase of previous point respectively. The unwrapped phase of current cursor point ) (n φ can be determined as following:
r r r n n n φ φ φ Δ = − − . Upon completion of the above, the pixel is marked as "unwrapped".
Step 4. Check the surrounding pixels around unwrapped pixels and select the pixel with the highest quality parameter and move the cursor to the pixel, then repeat Step 3 until all pixels have been unwrapped.
The advantage of quality-guided flood-fill is that phase unwrapping is always carried out following the paths of high quality pixels, that is, with relatively small variance from pixel to the next. As phase unwrapping errors are more likely occur at pixels with lower quality, such a quality-guided approach will be able to improve the robustness of phase unwrapping.
PROPOSED APPROACH
Our proposed approach combines non-guided path-following and quality-guided flood-fill together. The details of the approach are shown below:
Firstly, the quality map is generated according to quality parameters as described in Section 2.1. The pixels on the quality map are classified into two categories by means of a threshold associated with the quality parameter ) , ( y x Q th .
The pixels with quality parameter larger than the threshold are categorized as the high quality pixels, and the remaining as the low quality pixels. The threshold ) , ( y x Q th should be neither too big nor too small, otherwise either phase unwrapping robustness or speed will be degraded.
Secondly, we mark the quality map by rectangles in such a way that only the high quality pixels are inside these rectangles. As the result, the quality map will be divided into different type of areas. The areas inside the rectangles are characterized by smooth phase variation and hence referred to as high quality areas, and the parts outside the rectangles are called low quality areas due to rapid phase variation.
Thirdly, after rapid and smooth phase changing areas are identified, a start point will be selected. The start point can be any high quality pixel on the boundary of the quality map. Then, the order for phase unwrapping process will be determined by following criteria to keep unwrapping path continuous: (1) The areas closer to the start point will be unwrapped earlier than the areas with larger distance to start the point. (2) If there are several areas have a similar distance to the start point, the high quality areas will be unwrapped earlier than the low quality areas. Then, the phase unwrapping process will be commenced by following this order. The high quality areas and low quality areas are unwrapped using the non-guided path following and quality-guided flood-fill algorithms described above respectively.
Finally, the results of all the areas are merged together to yield a true phase map.
EXPERIMENTS
In order to demonstrate the proposed approach and compare it with existing phase unwrapping algorithms, we applied them to images acquired by a 3D shape measurement system in our laboratory. In the experiment system, the sinusoidal fringe patterns are generated by a HITACHI CP-X260 digital projector, and a Duncan Tech MS3100-RGB 3CCD digital camera is utilized to capture the images. The digital camera is placed on top of the projector with a distance of 350 mm between their lenses. The distance between the reference plane and camera lens is 1295 mm. The three-step phaseshifting profilometry (3-PSP) has been used to acquire phase information and calculate surface height of object.
In the first experiment, we used a milk bottle as the target and Figure 1(a) shows the camera capture of measured object. π . The wrapped phase map obtained using the 3-PSP is shown in Figure 1 (e). Then we convert the phase map into the quality map using Equation (1) and (2) For comparison purpose, we reconstructed the shape of measured object using the phase maps recovered by non-guided path-following algorithm, the proposed algorithm and quality-guided flood-fill algorithm respectively, and the results are shown in Figures 3 (a) (b) and (b). We can see that, in terms of smoothness of the reconstructed shape which reflects the phase unwrapping robustness, the proposed approach is close to quality-guided flood-fill algorithm and much better than the non-guided path-following algorithm. We also carried out experiments on a plaster palm model. Figure 4(a) is the camera capture of measured object. Figure  4 (b) shows the quality map. Figure 4 (c) shows the smooth and rapid phase changing areas in the quality map. We choose the start point to be the upper right corner of the quality map. The reconstructed shapes for this set of experiments are shown in Figure 5 .
Based on the experiments we can say that the proposed approach is able to achieve robustness performance close to that of quality-guided flood-fill algorithm, but with much less computations and hence can be much faster. In order to compare the computational burden, let us consider the number of phase unwrapping operations in Equation (3) 
From Equation (5), we can see that the computational burden associated with non-guided path-following algorithm is much lower than that of quality-guided flood-fill algorithm. When the proposed approach is applied to the two experiments, the whole phase map is divided into 9 and 11 high quality areas with the total size of 226 × 369 and 270 × 369 respectively, and 2 low quality areas with the total size of 190 × 369 and 146 × 369 respectively. With regard to experiments results, the proposed approach is able to significant reduce the computation. Table 1 give comparison of the time consumption for each algorithm. 
CONCLUSIONS
We presented a fast quality-guided flood-fill phase unwrapping algorithm for three-dimensional FPP system based on the combination of two conventional phase unwrapping algorithms. The quality map was generated according to phase variance between adjacent pixels of the wrapped phase map. This quality map was divided into two types of areas, namely smooth and rapid phase changing areas. A non-guided path-following algorithm was applied to the smooth phase changing areas and a quality-guided flood-fill phase unwrapping algorithm was applied in the rapid phase changing areas. As demonstrated by theoretical analysis and experiment results, the proposed approach is characterized by much less computational burden but is able to achieve the same level of 3D measurement robustness in comparison with conventional quality-guided flood-fill algorithm.
